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Relating Energy and Temperature 
Recall that temperature is not a measure of heat. It’s a measure of particle kinetic energy. 
The average kinetic energy, E of particles in MeV relating to temperature, T in Kelvin is 
 
     E = kT                                                                    (2) 
 
Where k (Boltzmann’s constant) = 8.62 x 10-11 MeV/K. We can then relate the 
temperature equivalent to energy for a pair production. For example, an electron/positron 
pair is created with a photon of 1.022 MeV energy. The temperature for this process 
would be 1.022/(8.62 x 10-11) = 1.19 x 1010 K.  
 

 
Figure 3. Atomic Structure (highly simplified) 

www.users.bigpond.com/.../fission/Fission2.html 
 

2.5 ATOMIC STRUCTURE 
 
An atom is made up of three particles: negatively charged electrons and a nucleus 
consisting of positively charged protons (uud quarks), and neutrons (udd quarks), called 
nucleons, except for hydrogen which has only a proton in its nucleus. The depiction in 
Figure 3 is simplified and not to scale. The figure shows definite trajectory paths for 
electrons. However, their paths are actually so probabilistic that electrons form a cloud of 
various energies around the nucleus. The nucleus is also very much smaller than shown 
in the figure. The ratio of protons to neutrons in a nucleus varies. The number and 
arrangement of electrons in an atom (with the same number of protons in its nucleus) 
determines the element’s chemical properties, and determines its atomic number Z. The 
sum of the protons and neutrons in its nucleus is called an element’s mass number A. An 
atom can become charged by acquiring or losing electrons. The atom would then carry a 
negative or positive charge respectively, and is said to be ionized. 
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 Hydrogen is the simplest atom. It consists of one electron orbiting a single proton 
in its nucleus. An isotope of hydrogen, deuterium, also has a neutron as well as a proton 
in its nucleus. Isotopes have differing numbers of neutrons in their nuclei and the same Z 
because they have the same number of protons in their nuclei. They have similar 
chemical properties. For example, deuterium combines with oxygen to form heavy water, 
D2O. Heavy water is 10% more dense than H2O, has higher freezing and boiling points 
and is somewhat poisonous. The naturally occurring atom with the most nuclear protons 
is uranium. Its most common isotope, U-238, has 92 electrons and an unstable nucleus 
consisting of 92 protons and 146 neutrons. Uranium also has two more naturally 
occurring isotopes, U-234 and U-235 with 142 and 143 neutrons respectively in their 
nuclei. As the proportion of neutrons to protons in a nucleus differs from 1:1, an atom’s 
nucleus can become unstable and radioactivity may occur.  
 
Nuclear Binding Energy 
 Recall that an atom’s nucleus is made up of positively charged protons and 
neutral neutrons, all bound by the strong nuclear force. The mass of the nucleus is always 
smaller than the sum of the masses of its constituent protons and neutrons. This mass 
difference is a measure of the binding energy holding the nucleus together. Figure 4 is a 
graph of the nuclear binding energies for the elements. Note that the binding energy rises 
until it peaks at iron after which it gradually falls. This means that when lighter nucleons 
than iron combine to form heavier nucleons, energy is released, a process called fusion. 
Energy must be supplied for nucleons heavier than iron to fuse. Also, when nucleons 
heavier than iron break into smaller nucleons, energy is released, a process called fission. 
 

 
Figure 4. Nuclear Binding Energy 

http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nucbin.html#c2 
 

2.6 RADIOACTIVITY 
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An atom’s unstable nucleus can lose energy by emitting radiation in the form of particles 
(alpha or beta for example) or electromagnetic energy (gamma radiation). See Figure 5 
for the penetrating capability of these radiation forms. The accepted measure of 
radioactive decay is the Becquerel, one decay per second. An alpha particle is a helium 
nucleus with a ++ charge, consisting of two protons and two neutrons. When an atom 
emits an alpha particle, the original atom loses two Z’s (protons) and four A’s (nucleons). 
A beta particle is an electron formed when a neutron within the nucleus is converted to a 
proton. When an atom emits a beta particle, the original atom gains one Z (proton) with 
its A remaining the same. No Z or A changes occur with the nuclear emission of gamma 
rays, high energy photons. 
 

 
Figure 5. Radiation Penetration Capability 
Alpha particles may be completely stopped 

by a sheet of paper, beta particles by 
aluminum shielding. Gamma rays can only 

be reduced by much more substantial 
barriers, such as a very thick layer of lead. 

http://en.wikipedia.org/wiki/Radioactive_decay 
 
 U-235 has a capability that no other naturally occurring element possesses in 
economic quantities. It is capable of fission chain reaction. Normally, U-235 decays to 
Thorium-231 plus an alpha particle. However, if a U-235 atom encounters a neutron, it 
may convert to U-236, which then splits into two smaller atoms plus several neutrons. 
This process will result in a runaway chain reaction if the mass of U-235 exceeds a 
critical mass, which is required to retain sufficient neutrons to keep the reaction going. A 
huge amount of energy is generated in an instant, resulting in an atomic bomb (see Figure 
6). Only 0.72% of naturally occurring uranium is the U-235 isotope, so fission cannot 
occur without an enrichment process. Weapon-grade U-235 is in the range of 85% purity. 
The so-called hydrogen bomb utilizes the fusion process, and, as illustrated in figure 6, it 
has a much greater energy and explosive yield than an atomic bomb. This device utilizes 
the hydrogen isotopes deuterium and tritium to create helium via fusion. 
 



Page 10 of 22 
 

 
Figure 6. Hydrogen Bomb Fusion & Atomic Bomb Fission 

http://hyperphysics.phy-astr.gsu.edu/hbase/nucene/nucbin.html#c4 
 
 It’s common to describe radioactivity rates by the term half-life. This is the 
amount of time for a substance to decay to half its initial value. So if a substance has a 
half-life of t1/2 years, after t1/2 years only half the original amount would remain. After an 
additional t1/2 years, only ¼ of the original amount would remain. The most common 
isotope of uranium, U-238, has a half-life of 4.47 billion years. C-14, an isotope of 
carbon has a half-life of 5,730 years and is well-known for its use in carbon dating. 
Tritium, an isotope of hydrogen with two neutrons in its nucleus has a half-life of 12.35 
years. Radon gas has a half-life of 3.8 days. Some isotopes have very short half-lives, in 
the sub-microsecond range. 
 
 We are exposed to several forms of natural radioactivity as well as some that are 
derived from human activity. Cosmic rays (mostly high energy protons) possibly 
emanating from beyond our Milky Way as well as from the Sun are one source. Another 
is that of long half-life elements that occur on Earth like U-238 and K-40. The radioactive 
decay of U-238 is the start of a chain of decays that end when the final product is a stable 
isotope of lead (Figure 7). 
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Figure 7. U-238 Decay Sequence 
http://www.atral.com/U2381.html 

 
 

On-going shorter half-lived sources include radium-226 which is a by-product of 
uranium, and radon-222, produced from radium. Some radiation comes from coal-ash, 
which contains traces of uranium, thorium and their daughter products. Radioactivity 
from atomic above-ground tests prior to the 1963 Limited Test Ban Treaty have decayed 
significantly, so that it is now of minor consequence. The 1986 nuclear power plant 
disaster at Chernobyl spread radioactive material across Eastern Europe. Iodine-131 
(eight day half-life) was a threat for thyroid cancer. The more local cesium-137 (30 year 
half-life) deposits have made the town site uninhabitable to this day. 

 
3. ASTRONOMY and ASTROPHYSICS 
 
The fusion mechanism creating stellar energy is a major nuclear process in astronomy. 
We’ll see that these are complex processes that depend on the mass of a star. Another 
area of particle physics that is important in astronomy is nucleosynthesis, the creation of 
the heavier elements. After the Big Bang, and prior to star formation, the universe was 
made up of hydrogen, helium and lithium, plus energy in the form of photons. Heavier 
elements resulted from the evolution of stars. We’ll explore both these processes in some 
detail. 
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3.1 BIG BANG NUCLEOSYNTHESIS 
 
It has been determined that the Big Bang, the creation event of our universe, occurred 
about 13.7 billion years ago. This is consistent with a Hubble constant of 71 
km/s/megaparsec. In addition to galaxy redshifts varying with distance, the existence of 
the 2.275 K cosmic microwave background (CMB) radiation is evidence for the Big 
Bang. It’s thought that at inception, the universe began as a point with unimaginatively 
great temperature and pressure immediately followed by rapid expansion that continues 
to the present. Figure 8 illustrates the expansion with the galaxies moving apart with 
time, like raisins in a loaf of rising bread. 
 

 
Figure 8. Expansion of the Universe 

http://en.wikipedia.org/wiki/Big_Bang 
 
  At inception, it’s thought that temperatures reached 1032 K, followed by 
rapid cooling as expansion progressed. Initially, there existed a mixture of quark/gluons, 
leptons, and photons. After about 0.01 milliseconds, protons and neutrons were created 
from the quarks. After about three minutes, at a temperature of 109 K, light ionized 
elements began to be formed by nuclear fusion. They were mostly hydrogen (75%), 
helium (25%), and tiny amounts of deuterium and lithium. A great mystery is that theory 
predicts equal amounts of matter and anti-matter which would annihilate each other into 
photons. However, it’s thought that the ratio of matter to anti-matter was about 
100,000,001 to 100,000,000, which is why no significant ant-matter exists in the 
universe. 
 As cooling and expansion continued for about 380,000 years the temperature 
cooled to 3,000 K. Protons and electrons formed neutral hydrogen causing the universe to 
become transparent. The cosmic microwave background could now moves freely. Matter 
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formed into dark matter clumps and stars begin to evolve after 100-200 million years. 
Heavier elements were created in supernovae from the earliest stars. Finally, dark matter, 
stars and gas formed the first galaxies.  
 
3.2 NUCLEOSYNTHESIS in STARS 
 
Recall that in the main sequence of the of the Hertzsprung-Russell (H-R) diagram (Figure 
9), stars convert their hydrogen to helium. There are a number of processes that 
dominate, which depend on the mass of the star. The most important process for stars 
about the size of our Sun is the proton-proton or p-p cycle. Hotter massive stars depend 
more on the carbon-nitrogen-oxygen or CNO cycle. The enormous pressure and 
temperature in the core of stars enable these processes to operate in spite of the 
electrostatic repulsion of like charged ions. 
 

 
Figure 9. Hertzsprung-Russell Diagram 

http://en.wikipedia.org/wiki/Hertzsprung-Russell_diagram 
 

Proton-Proton Chain 
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There are three p-p chains to be in effect. We’ll cover only the most important one 
utilized by the Sun, in which hydrogen is converted to helium thereby releasing energy 
by Einstein’s E = mc2 equation.  
 

 
Figure 10. Main Branch P-P Chain 

(protons are red, neutrons are blue) 
http://csep10.phys.utk.edu/astr162/lect/energy/ppchain.html 

 
 

Figure 10 illustrates the main branch p-p chain and indicates average times to complete 
each part of the process. The superscripts indicate the mass number of the particles. The 
ultimate net result is: 
 

  1 44 2 2 2 26.7H He MeVβ υ γ+→ + + + +  
 
Note that a half-life of a billion years is required for the first step. This is because the 
Coulomb electrostatic forces are so difficult to overcome by the two positively charged 
protons. The four hydrogen ions (protons) are 0.7% more massive than the resulting 
helium ion. That mass difference is converted to 26.7 MeV of energy.  
 
Carbon-Nitrogen-Oxygen (CNO) Cycle 
Massive stars can convert hydrogen into helium by another means because their cores are 
much hotter. The CNO cycle generates the most of the energy and it operates much faster 
than p-p. Figure 11 illustrates the CNO cycle. The carbon, nitrogen, and oxygen are not 
consumed. They act as catalysts. As with the p-p process, the CNO cycle converts 
hydrogen to helium, but much faster. The net result is similar to the p-p chain:  
 

  1 44 2 2 3 26.8H He MeVβ υ γ+→ + + + +  
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The 13 N to 13C step has a half-life of about 10 million years, as opposed to the p-p half-
life of a billion years. As a result, massive stars on the main sequence burn brighter and 
live shorter lives than less massive stars. 
 

 
 

Figure 11. The CNO Cycle (neutrinos not shown in figure) 
http://csep10.phys.utk.edu/astr162/lect/energy/cno.html 

 
3.3 NUCLEOSYNTHESIS BEYOND HYDROGEN 
 
Stars more massive than the Sun have higher core temperatures, and can continue the 
fusion of light elements after all hydrogen is consumed. This is possible as long as the 
fusion of progressively heavier elements is exothermic, where fusing lighter nuclei to 
heavier nuclei releases energy. This fusion process can continue until binding energy 
reaches a maximum with the formation of iron. 
 
 CNO helium burning creates carbon. At core temperatures approaching 6 x 108 K, 
carbon fuses into oxygen, neon, sodium and magnesium. At 109 K the oxygen fuses to 
magnesium, silicon, phosphorus and sulfur. The process can continue only until iron and 
nickel are formed. Up to this point the fusion processes released energy. The creation of 
heavier elements requires the input of energy, the energy of supernova. Figure 12 
illustrates the fusion progression of massive stars. 
 

There a basically two types of supernovae. Type Is occur in a binary system 
consisting of a white dwarf and star. As the white dwarf draws matter from the star, it 
explodes into a supernova when its mass exceeds a critical level. In a type II supernova, 
the formation of iron and nickel stops the exothermic fusion process and the star 
collapses under its own gravity. The infalling material bounces from the dense iron-
nickel core, and causes an explosion which creates a fast outward-moving shock wave. 
This supernova energy creates the elements more massive than iron in the Periodic Table. 
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The existence of such elements in our solar system is due to the remnants of supernovae 
which occurred prior to our solar system’s formation. 
  

 
Figure 12. Fusion Progression in Massive Stars Prior to Supernova 

http://helios.gsfc.nasa.gov/nucleo.html 
 

 
4. PARTICLE ACCELERATORS 
 
In the previous section on “Pair Production and Pair Annihilation,” there was a discussion 
on the equivalence of mass and energy. It should be obvious that higher energetic particle 
accelerators are capable of creating more massive particles than accelerators of lower 
energy. This is one of the reasons for creating the Large Hadron Collider and its quest for 
the Higgs boson and theoretically massive supersymmetric particles. 
  
4.1 SOME ACCELERATOR HISTORY 
 
Variations of particle accelerators have been around since the end of the nineteenth 
century. William Roentgen discovered x-rays in 1895 via accelerated electrons from 
cathode-ray tubes. Prior to the on-going migration to flat panel screens many television 
sets were cathode-ray tube based. The use of electric potentials to move charged particles 
in nuclear physics was an early type of particle accelerator. Current accelerator devices 
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like Van de Graaf machines have potentials of 25 MeV. There are limitations to creating 
electrostatic accelerators at higher energies due to safety issues at such high voltages. 
 
 The earliest accelerator devices utilizing magnetic forces were cyclotrons, in 
which circular particle paths were employed. In 1931, E. O. Lawrence (1901- 1958) 
achieved 1.0 MeV energies with his 11 inch diameter cyclotron. His device used a 
circular magnetic field plus an alternating electric field to accelerate ions (Figure 13). The 
next step for higher energies was the development of synchrotrons, in which the magnetic 
and electric fields gradually change as ions approach the speed of light and gain mass. 
The current most powerful synchrotron is the Fermilab Tevatron, which achieves 
energies approaching 2.0 TeV (2 x 1012 eV). Beams of protons and antiprotons travel in 
opposite directions in a 1.27 km radius circular path. Detectors are positioned at the 
collision points of the two particle beams to assess the generated activity. 
 

 
Figure 13. Basic Cyclotron Schematic 

http://www.hcc.mnscu.edu/programs/dept/chem/abomb/Cyclotron_Diagram.jpg 
 

4.2 ACCELERATOR RESOLUTION 
 
We can compare the “seeing” capability of a particle accelerator at the atomic nucleus 
level to our ability to see detail with the finest optical microscope. Assume we’re looking 
at something in 500 nm light. This allows us to see small objects in our microscope in the 
range of 0.5 x 10-6 meters. Significantly smaller details would not be resolvable in 500 
nm light. 
 
 Quantum theory shows that particles have a wave nature, matter waves. Louis de 
Broglie (1892-1987) proved that matter wavelengths were inversely proportional to 
momentum: 
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                                                        h
pλ =                                                                      (3) 

 
Where λ is the matter wavelength in meters, h = 6.626 x 10 -34 Js (Planck’s constant), and 
p is the particle’s momentum. We don’t perceive matter waves for ordinary objects 
because their wavelengths are so small. We can’t see the diffraction or interference 
associated with waves like visible light. For example, a 5 ounce baseball moving at 60 
miles/hour has a de Broglie wavelength of only 1.7 x 10-34 meter, which is totally 
impossible to detect. On the other hand, an electron with 150 keV energy has a 
wavelength of 0.1 nm, five thousand times more resolution than ordinary light. Electron 
waves are the basic mechanism behind high resolution in electron microscopes. The 
higher the energy of a particle accelerator, the better its resolution and the better its 
ability to probe deeper into a nucleus. The upcoming Large Hadron Collider (LHC) will 
be capable of producing a total energy of 14 TeV (1.4 x 10 13 eV) for its colliding 
protons, which results in de Broglie wavelengths and resolution of 8.86 x 10-20 meters. 
The size of a nucleus is approximately 10-15m. The LHC will probe details almost a 
million times smaller than an atomic nucleus. The temperature at 14 TeV is about 1.65 x 
1017 K, which is equal to that experienced about a picosecond after the Big Bang. 
Cosmology astrophysicists will gain insights on conditions just after the creation of the 
universe via the LHC and physicists expect many new areas in particle physics to be 
discovered over the next decade. 
 
4.3 LARGE HADRON COLLIDER (LHC) OVERVIEW 
 
The CERN LHC is due for startup on September 10, 2008. Initially, it plans to run each 
of its two beams of protons at 5 TeV. Maximum energy operation is planned early in 
2009. This device will be the most powerful particle accelerator in history, with colliding 
proton energy of 14 TeV. The 27 km circular tunnel was originally used by CERN’s 
LEP, an electron/positron collider whose energy exceeded 200 GeV. The 3.8 meter 
diameter tunnel is buried 50 to 175 meters underground. The tunnel contains two beam 
pipes. One pipe has a proton beam going in one direction, while the other has a proton 
beam going in the other direction. The vacuum pressure in the beams is 10-13 atmospheres 
to minimize collisions with gas molecules.  Each beam’s energy is 7 GeV, and the energy 
at the two beam’s collision point would be 14 GeV. A series of 1,232 dipole magnets 
keeps the particles moving in a circular path, while 392 quadrapole magnets keep the 
beams focused. It’s expected that the LHC will generate 6 x 108 particle collisions per 
second. To minimize electrical energy, the magnets are kept at temperatures of only 1.9 
K, allowing superconductive operation. 
 
 The protons are energized in four stages prior to attaining their final 7 TeV 
energy. First, a linear accelerator (Linac 2) achieves 50 MeV energy. Second, a Proton 
Synchrotron Booster (PSB) produces 1.4 GeV energy. Third, the Proton Synchrotron 
accelerates to 26 GeV. Finally, the Super Proton Synchrotron reaches 450 GeV. The LHC 
provides the ultimate 7 TeV energy for each beam. Figure 14 illustrates the stage and 
detector schematic. 
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Figure 14. Large Hadron Collider Schematic 

http://lhc-machine-outreach.web.cern.ch/lhc-machine-outreach/images/complex/Cern-complex.gif 
 

 Six detectors in the LHC will conduct a variety of experiments. ATLAS and CMS 
are general purpose detectors. ALICE will be used for studying heavy ion (lead) 
collisions. The other three (LHCb, LHCf and TOTEM) are for specialized use. The role 
of particle accelerator detectors is to time stamp each collision event along with data on 
total energy, momentum, velocity, and charge. Sophisticated software is designed to flag 
and save events of interest. The dimensions of ATLAS give some idea of the scope and 
complexity of a detector. It consists of a series of four ever-larger concentric cylinders 
around the collision point of the two beams. This detector is 148 feet long, 148 feet wide 
and 82 feet high with a weight of 7,700 tons. ATLAS is the collaboration of 1,900 
physicists from 35 countries. Areas of research for ATLAS will include the mystery of 
dark energy and dark matter. Figure 15 illustrates the internals of ATLAS during 
construction. 
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Figure 15. The LHC’s ATLAS Detector 

http://www.w3.org/DesignIssues/diagrams/cern/csCERN2.jpg 
 

4.4 SOME LHC RESEARCH AREAS 
 
The Higgs Boson 
Mass has been a puzzle in particle physics. Photons are massless and quarks are more 
massive than electrons. The Standard Model of particle physics developed a theoretical 
mechanism for particle mass in the 1960s. Prior theories had predicted that quarks and 
leptons should be massless. A number of scientists, but Peter Higgs (1929- ) in particular, 
postulated the existence of a particle whose field is the origin for elementary particle 
mass. This Higgs boson has so far been unsuccessfully sought for several years by 
Fermilab’s Tevatron accelerator and will be the LHC’s prime target. Current thinking is 
that the Higgs particle has a mass between 100-200 times that of a proton, with zero 
charge and spin.  
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 To create the Higgs, when two protons collide, the energy and charge of the 
particles created are measured by the LHC detectors. The Higgs boson is unstable, and its 
decay products change depending on its mass. It’s thought that a Higgs particle would be 
signaled by the detection of top/antitop or bottom/antibottom quark pairs, or paired Z0 
bosons. These in turn decay into lighter particles like leptons. It’s expected that a Higgs 
boson may be created every few hours, but several years of statistics will be necessary for 
confirmation. Given the high interaction rates (luminosity) and energies between the 
LHC’s colliding protons, it’s hoped that the LHC will successfully detect Higgs. 
 
Dark Matter and Supersymmetry 
The universe is made of matter (24%) and energy (76%). However, only 4% of the 
universe appears to be the ordinary baryonic matter that responds to the four forces of 
nature. Dark matter seems to respond only to gravity. Dark matter resulting from our 
universe’s creation is some strange stuff, that doesn’t behave the way matter we’re 
familiar with does. Dark matter doesn’t absorb or reflect light nor does it appear to have 
electric charge. Dark matter particles move much slower than the speed of light and are 
called “cold” dark matter or weakly interacting massive particles (WIMPs). A common 
theory of dark matter is that it’s composed of a supersymmetry particle. An Italian 
research group (DAMA/LIBRA) announced a possible detection of dark matter in April, 
2008 but their findings haven’t been verified by other organizations. 
 
 Thirty years ago scientists postulated that the two types of matter, fermions (spin 
½ particles like quarks and leptons) and bosons (integer spin particles like photons and 
gluons) had super-partners. These partners were more massive and had opposite spins. 
Thus the partner of a neutrino (spin ½) is called a neutralino (spin 0) and is much more 
massive than a neutrino. As of now, no supersymmetric particles have been detected. 
This isn’t surprising since they are so massive that only the highest energy accelerators 
might create them. Also, the most massive super-partners decay rapidly. At Big Bang 
creation, only the lightest super-partner, the neutralino was stable enough to have 
survived to today. 
 
It is hoped that the high energy attainable in the LHC can create supersymmetric 
particles. Since this type of matter is so non-reactive, scientists will examine collision 
events that create asymmetric energy/momentum balances that might indicate escaping 
supersymmetric particles. If the mass of a stable neutralino is in the order of that of 50 
protons, it would be a candidate for the dark matter that is detectable only by its 
gravitational effects. The detection of supersymmetry by the LHC would be of great 
interest to string theorists as well as to the astronomical community. Supersymmetry is 
integral to string theory, relating the particles that transmit forces to those that make up 
matter. 
 
5. FINAL THOUGHTS 
 
Late in the twentieth century the relationship between astronomers and particle physicists 
strengthened as research into the Big Bang accelerated. Physicists use the universe as a 
laboratory to explain particle phenomena, and astronomers use the laboratory to explain 
cosmology phenomena. The mysteries of dark energy and dark matter, key to astronomer 
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understanding of the universe relate to questions physicists investigate with particle 
accelerators. As new findings are revealed via the LHC, we may learn whether dark 
matter has been identified, whether the Higgs particle exists, and whether string theory’s 
supersymmetry can be confirmed. The next decade will be an exciting time for science. 
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